The gene encoding the small subunit rRNA serves as a prominent tool for the phylogenetic analysis and classification of Bacteria and Archaea owing to its high degree of conservation and its fundamental function in living organisms. Here we show that the 16S rRNA genes of not-yet-cultivated large sulfur bacteria, among them the largest known bacterium Thiomargarita namibiensis, regularly contain numerous self-splicing introns of variable length. The 16S rRNA genes can thus be enlarged to up to 3.5 kb. Remarkably, introns have never been identified in bacterial 16S rRNA genes before, although they are the most frequently sequenced genes today. This may be caused in part by a bias during the PCR amplification step that discriminates against longer homologs, as we show experimentally. Such length heterogeneity of 16S rRNA genes has so far never been considered when constructing 16S rRNA-based clone libraries, even though an elongation of rRNA genes due to intervening sequences has been reported previously. The detection of elongated 16S rRNA genes has profound implications for common methods in molecular ecology and may cause systematic biases in several techniques. In this study, catalyzed reporter deposition-fluorescence in situ hybridization on both ribosomes and rRNA precursor molecules as well as in vitro splicing experiments were performed and confirmed self-splicing of the introns. Accordingly, the introns do not inhibit the formation of functional ribosomes.
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group I and II introns | LAGLIDADG homing endonuclease | length heterogeneity bias | microbial diversity | small ribosomal subunit S tudies on the microbial diversity in natural environments or enrichment cultures usually involve the analysis of the genes encoding the small subunit rRNA (16S rRNA in Bacteria and Archaea and 18S rRNA in Eukarya). This gene was selected as a phylogenetic marker because it was considered to be universally present, consistent in size and function, and not subject to horizontal transfer (reviewed in ref. 1) . Current methods assessing the diversity of 16S rRNA genes, like the polymerase chain reaction (PCR) and the generation of 16S clone libraries, take advantage in particular of the constant size of the gene (2). In the past decades, these techniques have become fundamental tools in molecular ecology, and the 16S rRNA gene is the most frequently sequenced and analyzed gene today. The universality of this gene has never been questioned, even though in some studies unusual 16S rRNA genes, which contained, e.g., intervening sequences, were encountered (3) (4) (5) (6) (7) .
In earlier studies, it was observed that clone libraries generated from environments visibly dominated by large sulfur bacteria frequently lacked the 16S rRNA gene sequences of these bacteria (8) (9) (10) (11) (12) (13) . Large sulfur bacteria occur at high densities predominantly in marine, organically rich coastal sediments (14) (15) (16) , influencing the local sulfur (17) , nitrogen (18) , and phosphorous (19) cycle. The present study reports the frequent occurrence of long introns in the 16S rRNA genes of large sulfur bacteria, which explains their discrimination in PCR-based diversity assessments.
Results
Inserted Sequences in rRNA Genes. By comparative sequence analysis, we identified insertions of variable lengths (290−942 nucleotides) at up to four distinct sites within the 16S rRNA genes of large sulfur bacteria (Fig. 1A) . Corresponding to these insertion sites, the inserted elements were classified as S795, S1078, S1396, and S1495 (according to Escherichia coli position numbering). Inserted sequences at the same site generally shared high sequence identities not only when found within one species (92−100%, Table S1 ), but also when inserted into different species and genera (usually 85−100% identical, except for S1495 with 46.8%, Table S1 ). In contrast, the four different sequence types shared only low identities among each other (40% or less), and the four insertion sites in the 16S rRNA gene did not show any sequence homology. In addition, the distribution of the inserted sequences varied between the different phylogenetic groups within the Beggiatoaceae (Fig. 1B) and also between individuals in a given species (details in Fig. S1 ). S1396 was the most frequent sequence in the group of large sulfur bacteria. Its phylogeny within a species reflected the phylogeny derived from the 16S rRNA gene sequence, but differed compared to the 16S-based relationship among higher taxa (details in Fig. S2 ). In eukaryotes, introns were detected in mitochondrial, chloroplast, and nuclear rRNA genes (20) . Among them, introns were located at identical (1078) and nearby (793, 1391, and 1502) positions (refs. 21, 22) as the elements detected here in bacterial 16S rRNA genes. This finding is in accordance with the assumption that certain structural features or particular sequences in the rRNA gene attract introns, thus creating insertion hot spots in Bacteria, Archaea, and Eukarya (21).
The inserted sequences showed several characteristics of known group I and II introns, which are frequently found in all three domains of life (20) . Group I and II introns can be classified into subgroups based on specific RNA folding patterns ( Fig. 2 ; details in Fig. S3 ). Intron S795 belonged to the group I introns of the ID subgroup (Fig. 2A) ; S1078 was likewise a group I intron, but of the subgroup IA3 (Fig. 2B) ; also belonging to the group I introns, S1495 was a IC1 intron ( Fig. 2D) (23) ; and the only group II intron identified so far in large sulfur bacteria was S1396, which belonged to the subgroup IIC (Fig. 2C) (24) (25) (26) (27) . Furthermore, S1396 showed parallels to a functional type of group II introns described recently by Li et al. (25) . Special features include the presence of several additional nucleotides inserted at the 5′-end and the possession of a gene for a LAGLIDADG homing endonuclease [which is more commonly found in group I introns (20) ] instead of a reverse transcriptase (25) , which were traits likewise found in S1396.
Most of the introns investigated here (96 of 131) contained an ORF coding for an intron encoded protein (IEP). Translated amino acid sequences had 35−42% identity to site-specific endonucleases of the LAGLIDADG superfamily (29) described from different mitochondria and chloroplast genomes (30) (31) (32) (33) . The group I intron IEPs are double-motif LAGLIDADG endonucleases, and the group II intron IEPs contain a single LAGLIDADG motif (Fig. S4) (29, 34) . Generally, this family of homing endonucleases is encoded by group I introns (20) , but can be occasionally found in group II introns (25, 35, 36) . The remaining 35 introns either lacked an ORF or had a truncated ORF. Truncated ORFs were found in 2 of the 18 introns S1495 that were isolated, either lacking a start codon (clone AMV001) or containing only a reduced ORF that represented a sequence of 35 amino acids (clone NAM035), which did not reveal any hits in the public databases.
Ligation of Exons During in Vitro Splicing. The capability of selfsplicing and ligation was demonstrated for several bacterial introns (37) (38) (39) (40) and was tested accordingly on the introns investigated here ( Fig. 3 A and B) . All four introns-S795 (clone sequence AMV001, with ORF), S1078 (clone sequence NAM032, with ORF), S1396 (clone sequence NAM056 with ORF), and S1495 (clone sequence AMV001, with truncated ORF)-showed self-splicing potential in transcription buffer during RNA synthesis (Fig. 3A) . Ligation of the exons was demonstrated by RT-PCR (Fig. 3B) , and sequencing confirmed ligation in all four cases.
Hybridization of Native Ribosomes and Precursor rRNA. Among individual cells of large sulfur bacteria, a heterogeneous distribution of introns was observed (Fig. S1 ), except for chain-forming Thiomargarita namibiensis, which always contained introns S1078 and S1396, and chain-forming "Candidatus Thiomargarita nelsonii," containing either S1396 or no intron. Whole fixed cells of both of these chain-forming types were hybridized by catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) (41) to demonstrate the transcription of the analyzed sequences [16S, internal transcribed spacer (ITS), and intron regions] into RNA. A DNA oligonucleotide that targeted position 1284-1303 of the 16S rRNA in native ribosomes (VSO1284 ,  Table S2 ) hybridized to nearly all cells, yielding strong signals indicating an overall presence of target molecules (Fig. 3C) . In contrast, the application of oligonucleotides targeting the respective intron sequences yielded no signal above background ( Fig. 3D ; probe S1396-179, Table S2 ), indicating that introns were absent from mature 16S rRNA. Furthermore, application of a probe that bridged the intron insertion sites revealed strong fluorescent signals ( Fig. 3E ; probe Thm1389, Table S2 ). Finally, a probe that targeted the exon1/intron boundary sequence showed no detectable hybridization signal ( Fig. 3F ; probe Thm1397-INT, Table S2 ).
To exclude that the intron-containing 16S rRNA genes are pseudogenes, we applied a more sensitive CARD-FISH assay and tested whether the introns could be hybridized as part of the rRNA precursor (Fig. 4) . Therefore, specific regions of the precursor (ITS, S1078, or S1396) were targeted simultaneously with three or four probes (Table S2 ), hybridized at a lower temperature (35 C instead of 46 C), and the RNA secondary structure was loosened by the addition of helper oligonucleotides (42) .
Both ITS-and intron-specific signals were obtained with the altered hybridization conditions, which indicated that the rRNA precursor could be detected. Intracellular precursor concentrations are generally low, but can vary highly among individual cells depending on their metabolic state (43) . This fluctuation was also observed in this study as generally few of the analyzed cells showed detectable signals with the altered protocol. Double-hybridization experiments targeting successively the intron and the ITS region revealed that all cells having intron-specific signals simultaneously showed ITS-specific signals (Fig. 4 A and B, "ITS" and "+" panels). In "Ca. T. nelsonii" cells, intron S1078 is not present, and indeed only an ITS-specific signal was detectable ( Fig. 4B , "ITS" and "−" panels). These findings confirmed that intron-containing 16S rRNA genes were transcribed and could be specifically hybridized in the rRNA precursor.
Frequently, ITS signals were detected although intron signals were not, but never vice versa. This indicated that introns of the 16S rRNA might be excised and/or degraded more efficiently than the ITS region, whereas the latter might be excised and degraded in a later step. We can conclude from the CARD-FISH results that the formation of native ribosomes in large sulfur bacteria is not affected by the presence of intron sequences in their rDNA because they are removed during rRNA maturation processes.
Length-Heterogeneity PCR Bias. Length deviation in target sequences can cause a PCR bias that preferentially amplifies shorter over longer homologs (44, 45) . We assumed that this bias could be the potential reason for intron-containing 16S rRNA genes of large sulfur bacteria being frequently missing from universal clone libraries (8) (9) (10) (11) (12) (13) . Equal amounts of cloned introncontaining (∼2,350 nt) and intron-lacking (∼1,500 nt) 16S rRNA genes were combined and subject to a universal PCR approach. Indeed, we observed a systematic discrimination of the longer gene over the homolog being shorter by 850 nt (Fig. S5, lane 3) . Simulating a more realistic approach, which assumed that introncontaining genes are less frequent in a natural sample than intron-lacking genes, the longer homolog was provided less concentrated (ratios of 1:10, 1:100, and 1:1,000). In all these approaches, again only the shorter gene was amplified (Fig. S5,  lanes 4-6) , which further demonstrated the strong effect of the length-heterogeneity bias. This bias can be explained by the kinetics of the enzymatic reaction during the PCR amplification step (44) and may affect those reactions containing homologs that exceed a certain length deviation and/or that are combined in unfavorable concentrations.
Discussion
In this study we demonstrate that the 16S rRNA genes of large sulfur bacteria can contain self-splicing introns, up to three being present in a single gene and extending its length to more than 3,500 nucleotides. Introns are generally rare in bacteria and have never been encountered previously in bacterial 16S rRNA genes. So, it was quite surprising to even identify multiple introns inserted into these bacterial 16S rRNA genes.
The four introns are probably analogs because they do not share a common insertion site and their sequences are not related to each other. Thus, every intron type has probably inserted independently into the genome. Phylogenetic analysis of the most frequently observed intron S1396, a group II intron, revealed that it was probably acquired both vertically and horizontally within the family. This feature is well known among group II introns (46) (47) (48) (49) . Comparative sequence analysis of intron S1396 generally reflects the phylogeny suggested by 16S rRNA sequence analysis at species level (Table S1 and Fig. S2 ), indicating that the intron coevolved with the host after insertion into its genome. At the family level, the relationship of S1396 between genera is different from the 16S rRNA-derived phylogenetic pattern, suggesting horizontal transfer of this intron between different taxa. This phenomenon is likely caused by the high mobility of these elements, frequently inserting and exiting from genomes (46, 47) . Furthermore, introns are preferentially found in conserved regions of the rRNA genes (21, 22) , which can explain why the insertion sites of introns analyzed in this study are homologous to locations of introns found in mitochondrial and nuclear rRNA genes of eukaryotes. This is consistent with the hypothesis that introns can be horizontally transferred over large phylogenetic distances (50, 51) . All ORFs in the introns described here encoded IEPs typical of a common family of homing endonucleases, suggesting that the introns spread into cognate sites as DNA elements via homing (20) . The existence of variants that lack, or have truncated IEPs, is considered to be a consequence of introns saturating all possible insertion sites and of IEPs for intron homing becoming redundant (52) .
Introns have been well studied regarding their splicing mechanism from RNA precursors and their methods of propagation in the host genome (35, 46, (53) (54) (55) (56) (57) . Here we show that introns in large sulfur bacteria also demonstrate self-splicing abilities in vitro (Fig. 3) and removal from precursor rRNA molecules in vivo (Figs. 3 and 4) . CARD-FISH on the rRNA precursor targeting the ITS region was previously performed (58, 59 ), but in this study also introns in the rRNA precursors were hybridized. The successful and specific labeling of the different introns demonstrates their transcription into RNA, strongly indicating that the 16S rRNA genes retrieved by PCR were not pseudogenes. Also, the invariable absence of intron-free PCR products from a cell yielding an intron-containing 16S rRNA gene amplicon further supports the suggestion that the intron-containing gene is functional. The absence of motifs for precursor processing enzymes like RNase III and the in vitro self-splicing activity indicate the autonomous and uncoupled removal of the introns from the precursor in vivo (Figs. 3 and 4) , which certainly prevents negative impact on ribosome functionality.
The detection of introns in the 16S rRNA genes of large sulfur bacteria raises questions of why they are retained in the genes of this group of organisms, whether they have a biological function, or whether they are strictly selfish parasitic DNA elements. Currently, we can offer only suggestions for the first of these questions. We presume that introns cause less constraints and thus experience reduced selective pressure in large sulfur bacteria, compared with introns in most ordinary-sized bacteria. This hypothesis is based on the assumption that introns might persist longer in organisms that spend only a small fraction of their energy on replication (60). This energy surplus could be produced either by mitochondria in eukaryotes (60) or by the storage of tremendous amounts of energy reserves as in the group of large sulfur bacteria (16, 18, 19, 61) . The replication, transcription, and excision of introns may thus not represent a major bioenergentic expense for large sulfur bacteria. DNA replication is considered to require only about 2% of a cell's energy budget (62) , and transcription can be regarded as even less costly. Accordingly, large sulfur bacteria could afford the retention of intron-containing genes (60) owing to their energy surplus in the form of storage compounds (16, 18, 19, 61) . Alternatively, it could be speculated that the high frequency of introns in this group of bacteria is somehow connected to the extreme polyploidy in these organisms: nucleic-acid staining in Thiomargarita spp. reveals the presence of several thousand nucleoids per cell (62, 63) . In view of the insertion mechanism of introns, initiated by a double-strand break of the DNA and followed by cellular repair mechanisms involving homologous recombination, the presence of multiple alleles within a cell is necessary for efficient repair of the intron insertion site. In fact, the spreading of introns in organisms with several thousand genomes could be extremely efficient as only a few IEPs are required to introduce many double-strand breaks, which could then be repaired by copying intron sequences into new sites. Thus, extreme polyploidy can cause rapid intron spread, while at the same time allowing efficient repair of harmful double-strand breaks in the host.
Considering that the 16S rRNA gene is the most sequenced gene today, it seems surprising that bacterial intron-containing 16S rRNA genes have never been encountered before. Thus, it is tempting to speculate that large sulfur bacteria are the only group of bacteria accumulating introns in their 16S rRNA genes. However, the presence of introns, even multiple ones, has been described for the 23S rRNA genes of several distantly related bacteria (39, 50, 51, 64, 65) . This gene bears the same evolutionary importance and conservation as the 16S rRNA gene, which indicates that 16S introns might be at least as frequent as 23S introns. Furthermore, introns in archaeal rRNA genes are very common and have been detected in 16S rRNA genes several times (66, 67) . Generally, introns in rRNA may have a better opportunity for self-splicing because they are not subject to translation compared with introns inserted into mRNA (68-70). Also, the high level of sequence conservation of rRNA genes and their frequent occurrence in multiple copies could increase intron mobility among these regions (71) . We therefore speculate that introns in bacterial rRNA genes might be more common than previously recognized. Nonetheless, public databases do not contain any entries of bacterial 16S rRNA genes with introns (21, 72, 73) . This is either a coincidence or a consequence of biases introduced during the application of techniques and/or the interpretation of results.
The possibility that the 16S rRNA gene may not have a conserved size has not been sufficiently considered in designing and applying techniques for diversity studies, even though elongations of 16S rRNA genes due to intervening sequences have been reported before (3) (4) (5) (6) (7) . Intervening sequences, in contrast to introns, cannot self-splice from precursor RNA and, upon removal by cellular maturation enzymes, leave the ribosomal RNA fragmented (3) (4) (5) (6) (7) . In this study, we also showed that true selfsplicing introns can be present in bacterial 16S rRNA genes, leading to the conclusion that the 16S rRNA genes of bacteria can indeed be far longer than ∼1,500 nucleotides. Surely, this finding has far-reaching consequences because the gene for the small ribosomal subunit plays a fundamental role in phylogenetic and diversity studies and most currently applied methods to study this gene are based on its consistency.
The present study provides further evidence that the retrieval frequency of rRNA genes should not be considered a reliable measure for the abundance of microbial species. We demonstrate severe size selection of PCR products, i.e., the discrimination of intron-containing 16S rRNA gene sequences in a heterogeneous sample. This has far-reaching consequences for environmental diversity studies because entire phylogenetic groups may be missed. Future genome sequencing as well as the generation of large metagenomic datasets will reveal whether introns in 16S rRNA genes, or elongated 16S rRNA genes in general, might be a more common feature of Bacteria than previously recognized.
Materials and Methods
16S rRNA and Intron Sequences. The amplification of the 16S rRNA genes including intron sequences has been recently published (28) . Comparative sequence analysis of 16S rRNA genes and introns was performed in BioEdit (74) and in the ARB software package (75) . RNA folding structures of introns were created manually in Canvas (ACD Systems) using folding criteria assigned by ref. 23 for group I introns and by refs. 24-27 for group II introns ( Fig. 2 and Fig. S3 ). More details can be found in SI Materials and Methods.
CARD-FISH. Probe 1284 targeting the 16S rRNA of all nonfilamentous large sulfur bacteria (Table S2 ) was designed in ARB (75) . All intron probes, ITS probes, and helper oligonucleotides (Tables S2 and S3 ) were designed manually. Hybridization of Thiomargarita spp. was performed on slides using a protocol modified from ref. 41 . For more details, see SI Materials and Methods.
In Vitro Splicing. Intron-containing 16S rRNA genes were either cloned into vectors featuring a T7 RNA polymerase promotor or PCR-amplified with a primer containing a 5′-promoter overhang. In vitro transcription was performed using the T7 RNA Polymerase-Plus kit (Ambion), and cDNA was generated with the RevertAid H-Minus First Strand cDNA Sythesis kit (Fermentas). Splicing products were amplified via PCR using High Fidelity PCR Enzyme mix (Fermentas). RNA and DNA products were analyzed by agarose gel electrophoresis. DNA bands were further analyzed by sequencing. Details on the reactions are in SI Materials and Methods.
PCR of Homologous Genes with Different Lengths. Intron-containing and intron-less 16S rRNA genes were cloned and used for PCR with universal 16S primers (GM3F and GM4R) (76) and the High Fidelity PCR Enzyme mix (Fermentas). The reaction contained either one of the two homologs or a mixture of both in varying ratios. For details on the reactions, see SI Materials and Methods.
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